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Background and purpose: Impaired endothelial activity and/or cell death play a critical role in the development of vascular
dysfunction associated with congestive heart failure, diabetic complications, hypertension, coronary artery disease and
atherosclerosis. Increasing evidence suggests that cannabinoid 1 (CB1) receptor inhibition is beneficial in atherosclerosis and
cardiovascular inflammation both in experimental models, as well as in humans. Here, we investigated the effects of CB1

receptor activation with the endocannabinoid anandamide (AEA) or synthetic agonist HU210 on cell death and interrelated
signal transduction pathways in human primary coronary artery endothelial cells (HCAECs).
Experimental approach: Cell death, CB1 receptor expression, reactive oxygen species (ROS) generation and activation of
signal transduction pathways in HCAECs were determined by flow cytometry and molecular biology tools.
Key results: In HCAECs expressing CB1 receptors (demonstrated by Western immunoblot and flow cytometry) AEA (5–15 mM)
or HU210 (30–1000 nM) triggered concentration- and time-dependent activation of p38 and c-Jun NH2-terminal protein
kinase (JNK)–mitogen-activated protein kinases (MAPKs), cell death and ROS generation. The AEA- or HU210-induced cell
death and MAPK activation were attenuated by CB1 antagonists [SR141716 (rimonabant) and AM281], inhibitors of p38 and
JNK–MAPKs or the antioxidant N-acetylcysteine. N-acetylcysteine alone prevented AEA- or HU210-induced ROS generation, but
only partially attenuated MAPK activation and cell death. In contrast, in combination with CB1 antagonists, N-acetylcysteine
completely prevented these effects.
Conclusions and implications: CB1 receptor activation in endothelial cells may amplify the ROS–MAPK activation–cell death
pathway in pathological conditions when the endocannabinoid synthetic or metabolic pathways are dysregulated by excessive
inflammation and/or oxidative/nitrosative stress, thereby contributing to the development of endothelial dysfunction and
pathophysiology of multiple cardiovascular diseases.
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Introduction

In response to a variety of chemical and physical stimuli
(e.g. change in pressure and pH, shear stress, cytokines, cir-
culating hormones, drugs and substances released by
sensory and autonomic nerves or platelets), endothelial cells
produce both vasoconstricting (e.g. angiotensin II,
endothelin-1, thromboxane A2, isoprostanes) and vasodilat-
ing (e.g. nitric oxide, prostacyclin, adenosine, endothelium-
derived hyperpolarizing factor, C-natriuretic peptide)
substances that regulate vascular tone and permeability,
hemostasis, angiogenesis and inflammation (Vanhoutte,
2009). The intact vascular endothelium sustains
the balance between prevention and stimulation of platelet
aggregation, thrombogenesis and fibrinolysis, promotion
and inhibition of smooth muscle cell proliferation and
migration and also the balance between vasoconstriction
and vasodilation. Activated endothelial cells also play a
very important role in the generation of various pro-
inflammatory (cytokines, chemokines, adhesion molecules)
mediators and reactive oxygen/nitrogen species (ROS/RNS),
as well as in the orchestration of immune cell migration and
activation to the site of the tissue injury (Osterud and
Bjorklid, 2003; Pacher et al., 2007; Vanhoutte, 2009).
Impaired endothelial homeostasis and/or cell death play a
critical role in the development of vascular inflammatory
responses and dysfunction associated with multiple
diseases ranging from congestive heart failure, hypertension,
diabetic complications to coronary artery disease, atheroscle-
rosis and cardiovascular ageing (Csiszar et al., 2005; Arm-
strong et al., 2006a,b,c; Rao et al., 2007; Csiszar et al., 2008;
Szabo, 2009).

In pre-clinical models of atherosclerosis, CB1 inactivation
or pharmacological inhibition limits the vascular inflamma-
tion and interrelated disease progression, and also decreases
smooth muscle proliferation (Rajesh et al., 2008b; Dol-
Gleizes et al., 2009; Sugamura et al., 2009). Certain beneficial
effects of CB1 antagonists on atherosclerosis have also been
reported in humans with obesity and/or diabetes and the
metabolic syndrome (Mach et al., 2008; Pacher, 2009). CB1

receptors are expressed both in endothelial cells (Hillard,
2000; Liu et al., 2000; Rajesh et al., 2007), as well as in car-
diomyocytes (Bonz et al., 2003; Mukhopadhyay et al., 2007a;
Mach et al., 2008; Hiley, 2009). Activation of cardiovascular
CB1 receptors by excessive levels of endocannabinoids has
importantly been implicated in the development of patho-
physiological alterations associated with septic, haemor-
rhagic and cardiogenic shock; cirrhotic cardiovascular
dysfunction; and heart failure (Pacher et al., 2006; Mendiza-
bal and Adler-Graschinsky, 2007). There is also increasing
recognition that in various pathological conditions, CB1

receptor activation by endocannabinoids may promote acti-
vation of signalling pathways [e.g. p38 and c-Jun NH2-
terminal protein kinase (JNK)–mitogen-activated protein
kinases (MAPKs)] promoting cell death (Howlett et al., 2002;
Di Marzo, 2008; Dalton et al., 2009). Herein, we investigated
the effects of CB1 receptor activation on cell death, ROS gen-
eration and interrelated signal transduction pathways
in human primary coronary artery endothelial cells
(HCAECs).

Materials and methods

Reagents
p38 MAPK, JNK inhibitors (SB203580 and JNK inhibitor
II, respectively) were obtained from Calbiochem, EMD
(Gibbstown, NJ, USA). Anandamide (AEA) (6aR,10aR)-
9- (hydroxymethyl) -6,6-dimethyl -3-(2-methyloctan-2-yl)-
6a,7,10,10a-etrahydrobenzo[c]chromen-1-ol (HU210) and
1- (2,4-dichlorophenyl) -5- (4- iodophenyl) -4-methyl - N -4-
moepholinyl-1H-pyrazole-3-carboxamide (AM 281), were
purchased from Tocris Bioscience (Ellisville, MO, USA).
(N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-3-pyrazole-carboxamide (SR 141716A-rimonabant)
(indicated as SR1 in this study) was obtained from NIDA
Drug Supply Program (Research Triangle Park, NC, USA).
b-Actin monoclonal antibody was purchased from Chem-
icon (Temecula, CA, USA), while phospho(Thr180/Tyr182)-
p38MAPK/p38MAPK, phospho(Thr183/Tyr185)-JNK/JNK,
phospho(Ser 473) rabbit polyclonal antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA).
N-acetyl-L-cysteine (NAC) was obtained from Sigma Chemi-
cals (Saint Louis, MO, USA). CB1 rabbit C-terminal polyclonal
antibody used for the Western blot was described previously
(Rajesh et al., 2007; 2008a). Flow cytometry reagents Sytox
Green and Annexin V-APC were obtained from Molecular
Probes (Invitrogen, Carlsbad, CA, USA) (Mukhopadhyay et al.,
2007a,b). The drug/molecular target nomenclature (e.g. recep-
tors, ion channels and so on) conforms to BJP’s Guide to
Receptors and Channels (Alexander et al., 2008).

Cell culture
HCAECs and growth medium was purchased from Cell Appli-
cations, Inc. (San Diego, CA, USA). HCAECs were grown in
HCAEC growth medium (Cell Applications) in cell culture
dishes coated with 0.2 % gelatin (Sigma). HCAECs were used
for the experiments between passages 4 and 7 as described
(Rajesh et al., 2007).

Western blot analysis
Total protein was extracted from cells with radioimmunopre-
cipitation assay lysis buffer, containing protease inhibitor
cocktail set III and phosphatase inhibitor cocktail set I (Cal-
biochem, EMD Biosciences, San Diego, CA, USA). Protein
content was determined using Bio-Rad DC protein assay
kit (Hercules, CA, USA). Then, 30 mg of protein was resolved
on 4–12% gradient gels and transferred onto nitrocellulose
membrane (GE-Biosciences, Niskayuna, NY, USA). After block-
ing, the blots were probed with the primary antibodies
(1:1000) 4°C overnight. After washing, the blots were incu-
bated with HRP conjugated secondary antibody for 1 h at
room temperature. After final washing, blots were incubated
with Super-Signal West Pico chemiluminescense substrate
reagent (Pierce Biotechnology, Inc. Rockford, IL, USA) and
developed using Kodak Biomax film (PerkinElmer, Wellesley,
MA, USA). To verify equal loading, the blots were stripped and
probed with b-actin antibody. Developed blots were scanned,
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and the band intensities were determined using quantity one
image analysis program (Bio-Rad).

CB1 receptor expression in HCAEC
CB1 receptor expression in HCAECs was determined by flow
cytometry using CB1 antibody (Cayman Chemical, Ann
Arbor, MI, USA). CB1 expression in HCAEC was also confirmed
by Western immunoblot assay using CB1 antibody developed
by Dr Mackie’s laboratory as described (Rajesh et al., 2007).

Determination of apoptosis by flow cytometry
After the treatments, apoptosis/necrosis of HCAEC was deter-
mined using flow cytometry as described (Mukhopadhyay
et al., 2007a,b). For the simplicity annexin V-positive cells
representing early apoptotic cell population (lower right
squares in flow diagrams) were termed as ‘apoptosis’, while
both annexin V and Sytox Green-positive cells (upper right
squares in flow diagrams), representing both late apoptotic
and necrotic cells, as ‘necrosis’ (see Figures 1D, 2B and 3B) as
described (Mukhopadhyay et al., 2007a,b).

Caspase 3 activity
Caspase 3 activity in the cell lysates was performed using
the Caspase 3 assay kit according to manufacturer’s instruc-
tions (BioVision, Mountain View, CA, USA). In brief, caspase
3 in the samples in the assay buffer incubated at 37°C for
2 h cleaves the caspase 3 substrate pNA from DEVD. The
pNA light emission is quantified using microplate spectro-
photometer at 405 nm (Molecular Devices, Sunnyvale, CA,
USA).

Detection of ROS generation by flow cytometry
Following the treatments, ROS generation in HCAEC was
determined after 3 h of incubation with agonists/antagonists
or with NAC. In brief, cells were loaded with 5 mM 5-
(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate
(carboxy-H2DCFDA, Molecular Probes, Invitrogen) and incu-
bated for 15 min. The carboxy-H2DCFDA is an acetate ester
of the fluorescent indicator 5-(and-6)-carboxy-2′,7′-dichloro-
dihydrofluorescein, is cell membrane permeable and
remains non-fluorescent until hydrolysed. Once the cells
uptake this redox dye, the acetate groups are cleaved by
esterases, resulting in a charged species that sequesters the
ROS generated and fluoresces upon excitation. ROS genera-
tion in endothelial cells was measured by the fluorescence
intensity of carboxy-H2DCFDA excited at 488 nm following
the standard protocol using FACS Callibur flow cytometer
(Becton Dickinson, San Jose, CA, USA).

Statistical analysis
Results are expressed as mean � SEM. Statistical significance
among groups was determined by one-way ANOVA followed by
Newman–Keuls post hoc analysis. Statistical analysis of the
data was performed using GraphPad Prism 5 software (San
Diego, CA, USA). Probability values of P < 0.05 were consid-
ered significant.

Results

CB1 receptors are expressed in HCAECs
Analysis by Western blot (Figure 1A) and by flow cytometry
(Figure 1B) revealed expression of CB1 receptors in HCAEC.

CB1 receptor activation promotes MAPK-dependent cell death
in HCAECs
Incubation of endothelial cells with either synthetic (HU210;
Figure 1C,D) or endocannabinoid anandamide (AEA;
Figure 2A,B), resulted in concentration-dependent cell death.
The cell death was abrogated upon treatment with selective
CB1 receptor antagonists SR141716 (SR1) or AM281, respec-
tively (Figures 1C,D and 2A,B). These observations suggest that
CB1 receptor activation can induce cell death in endothelial
cells. To test whether MAPKs are involved in CB1 receptor-
mediated cell death, we pretreated endothelial cells with selec-
tive inhibitors of p38 (SB203580) or JNK (JNK II inhibitor)
MAPKs for 1 h, followed by AEA or HU210 treatments, and
analysed the cell death by flow cytometry. Inhibitors of p38
and JNK–MAPKs significantly attenuated the cell death
induced by CB1 agonists, suggesting that MAPKs are involved
in CB1 receptor-mediated cell death (Figures 1C,D and 2A,B).

CB1 receptor stimulation triggers p38 and JNK–MAPKs, and
caspase 3 activation in HCAEC
HU210 or AEA treatment of HCAECs elicits caspase 3 activa-
tion (Figure 4A), which is attenuated by CB1 antagonists (SR1
or AM281), and concentration- (Figures 4B,C and 5A,B) and
time-dependent (Figures 6A,B and 7A,B) increases in p38 and
JNK–MAPKs activation. When cells were treated with CB1

agonists in the presence of selective antagonists (SR1 or
AM281), the activation of p38/JNK–MAPKs is attenuated
(Figure 8A,B). Similarly, incubation of the cells with specific
pharmacological inhibitors of either p38 (SB203580)
(Figure 9A) or JNK–MAPKs (Figure 9B) (JNK II inhibitor)
attenuates MAPK activation upon CB1 receptor stimulation.
These observations reveal that CB1 receptor engagement leads
to MAPK activation.

CB1 receptor stimulation triggers ROS generation in HCAEC
As shown in Figure 3A, CB1 receptor stimulation with AEA or
HU210 in HCAECs increases ROS generation (shown 3 h fol-
lowing the treatments), which is attenuated by treatment
with CB1 receptor antagonists or antioxidant NAC. NAC or
CB1 antagonists alone only partially attenuate AEA- or
HU210-induced cell death in HCAECs, while in combination
with CB1 antagonists NAC almost completely prevents these
events (Figure 3B).

CB1 receptor-triggered MAPK activation involves ROS-dependent
and -independent mechanisms in HCAECs
As shown in Figure 10A,B, CB1 receptor stimulation with AEA
or HU210 increases ROS-dependent and -independent activa-
tion of p-38 and JNK–MAPKs in HCAECs, because NAC or CB1

antagonists alone only partially attenuates AEA- or HU210-
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induced MAPK activation, while in combination with CB1

antagonists NAC almost completely prevents these processes
(Figures 8 and 10A,B).

Discussion

Pathological disruption of the highly regulated endothelial
homeostasis leads to the development of endothelial dysfunc-

tion, which represents a predominant and unifying early
feature of diabetes, hypertension, heart failure and atheroscle-
rosis, and directly leads to cardiovascular complications and
microthrombus formation. Although the hallmark of endot-
helial dysfunction is impairment of endothelium-dependent
vasodilation, it is increasingly recognized that other alter-
ations (e.g. inflammation, increased lipoprotein oxidation,
vascular smooth muscle proliferation and migration from the
media into the intima, extracellular matrix deposition or lysis,

Figure 1 CB1 receptor activation with HU210 triggers cell death in HCAECs. (A) Western blot depicts the expression of CB1 receptors in
HCAEC. (B) Flow cytometry analysis demonstrates the CB1 receptors expression in HCAEC. (C) Flow cytometric analysis of cell death. Cells were
treated as indicated with either agonist for 14–15 h or first treated with CB1 antagonists/MAPK inhibitors for 1 h, followed by incubation with
agonist for 14–15 h in the continuous presence of CB1 antagonists/MAPK inhibitors, and cell death analyses were performed with flow
cytometry. (D) CB1 receptor-mediated cell death requires activation of both p38 and JNK kinases. Summary of results after cells were treated
as described in (C). *P < 0.05 versus vehicle; #P < 0.05 versus HU210 alone (n = 5/treatment).

CB1 activation promotes endothelial cell death
M Rajesh et al 691

British Journal of Pharmacology (2010) 160 688–700



platelet activation and thrombus formation) are also critically
involved (Armstrong et al., 2006a,b,c; Rao et al., 2007). Accu-
mulating evidence supports the view that the endothelial
dysfunction associated with diabetes, hypertension, heart
failure and atherosclerosis is related to the local formation of

ROS and RNS (Pacher et al., 2007; Vanhoutte, 2009) in the
vicinity of the vascular endothelium in concert with activa-
tion of various chronic inflammatory processes (Hansson and
Libby, 2006; Tedgui and Mallat, 2006; Rao et al., 2007; Csiszar
et al., 2008)

Figure 2 CB1 receptor activation by AEA triggers cell death in HCAECs. (A) Cells were treated as indicated, and cell death analyses were
performed 14–15 h following the administration of the drugs with flow cytometry as described in Figure 1. (B) AEA increases cell death via CB1

receptors which requires both JNK and p38 MAP kinases. Cells were treated as above and results averaged. *P < 0.05 versus vehicle; # P < 0.05
versus AEA alone (n = 5/treatment).
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Figure 3 Cannabinoid receptor 1 agonists increase ROS generation in HCAEC cells; ROS generation and cell death is attenuated by NAC. Cells
were treated as indicated for 3 h, and ROS generation was analysed using carboxy H2DCFDA with flow cytometry as described in the methods
section. (A) Representative histograms (numbers in representative histograms indicate mean fluorescence intensity of DCFDA from the
indicated representative treatment condition) and summary data (B) shown from four to six independent experiments. Cells were treated as
indicated for 14–15 h, and cell death was determined by flow cytometer. The combination of CB1 antagonists with NAC almost completely
prevents AEA/HU210-induced cell death in HCAECs, while NAC or CB1 antagonists alone are only partially protective. *P < 0.05 versus vehicle;
#P < 0.05 versus AEA/HU210 alone; $P < 0.05 versus AEA/HU210 � CB1 antagonists.
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In this study, we investigated the role of CB1 receptors in
ROS generation, cell death and interrelated signalling path-
ways in primary HCAECs. We show that the endocannab-
inoid AEA (5–15 mM) and synthetic cannabinoid receptor
agonist HU210 (30–1000 nM) trigger concentration- and
time-dependent activation of p38 and JNK–MAPKs and cell
death (predominantly apoptotic). We also demonstrate that
AEA or HU210 increases ROS generation in HCAECs. Impor-
tantly, the AEA- or HU210-induced cell death, MAPK activa-
tion and ROS generation were partially attenuated by CB1

antagonists [SR141716 (rimonabant) and AM281], inhibitors
of p38 and JNK–MAPKs or antioxidant N-acetylcysteine.

Although in our study we did not identify the precise
mechanisms and sources of AEA- or HU210-triggered
increased ROS generation in HCAECs, our results suggest
that this process, at least in part, involves CB1 receptor-
dependent signalling events. This is also supported by a
recent study demonstrating that CB1 receptor stimulation
with AEA or the synthetic agonist ACEA induced a transient
increase in human macrophage ROS generation, which could
be inhibited by pretreatment with the CB1 antagonist
SR141716 (Han et al., 2009). Furthermore, ACEA also
induced increased ROS generation in murine CB1 knock-out
peritoneal macrophages transfected with human CB1 recep-

Figure 4 AEA or HU210 activates caspase 3, and HU210 triggers a concentration-dependent activation of p38 and JNK–MAPKs in HCAECs.
(A) Caspase 3 activity assay demonstrates increased AEA- or HU210-induced caspase 3 activity 14–15 h following the indicated treatments,
which is attenuated by CB1 antagonists. P < 0.05 versus vehicle or SR1 or AM 218 alone; #P < 0.05 versus AEA or HU210 alone, n =
5–6/treatment. (B) Western blot analysis for p38 and JNK–MAPKs demonstrates their dose-dependent activation by HU210 after 40 min of
treatment. A representative blot is presented from four identical experiments. (C) The quantification of MAPK activation. *P < 0.05 versus
vehicle (n = 4/treatment).
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Figure 5 AEA triggers concentration-dependent activation of p38 and JNK–MAPKs in HCAECs. (A) Western blot analysis for p38 and
JNK–MAPKs demonstrates their dose-dependent activation by AEA after 40 min of treatment. A representative blot is presented from four
identical experiments. (B) The quantification of MAPK activation. *P < 0.05 versus vehicle (n = 4/treatment).

Figure 6 HU210 triggers time-dependent activation of p38 and JNK–MAPKs in HCAECs. (A) Western blot analysis for p38 and JNK–MAPKs
demonstrates their time-dependent activation by HU210 treatment. Activation is maximal by 30 min and declines towards control levels by
90 min. A representative blot is presented from four identical experiments. (B) The quantification of MAPK activation. *P < 0.05 versus vehicle
(n = 4/treatment).
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tors. The CB1-dependent ROS generation in human mac-
rophages was dependent on the p38 MAPK pathway and
could be attenuated by its inhibition with SB203580 (Han
et al., 2009). This study has also elegantly demonstrated that
CB1 activation in human macrophages directly modulated
inflammatory activities [e.g. tumour necrosis factor-a
(TNF-a) and MCP-1 secretion] through ROS generation (Han
et al., 2009). In contrast, CB2 activation had opposing effects.
They proposed that Rap1, a member of the Ras small G
protein family, was responsible for the CB2-dependent inhi-
bition of CB1-stimulated ROS production in macrophages
(Han et al., 2009). A similar mechanism may also be func-
tional in endothelial cells because increased ROS generation
[NADPH oxidases are pivotal sources of ROS generation both
in macrophages and endothelial cells (Griendling et al.,
2000; Harrison et al., 2003)] also leads to activation of endot-
helial cells and an inflammatory phenotype (secretion of
pro-inflammatory cytokines/chemokines (e.g. TNF-a and
MCP-1), expression of adhesion molecules, etc.), which is
attenuated by CB2 agonists (Rajesh et al., 2007).

It is well known that ROS generation may also lead to
activation of p38 and JNK–MAPKs promoting cell death, but
as demonstrated in the above-mentioned study ROS genera-
tion may also depend on p38 MAPK activation. In our study,
we found a rapid activation of p38 and JNK–MAPKs several
minutes following AEA or HU210 treatment of HCAECs,
which peaked around 30–60 min thereafter. The AEA- or
HU210-induced ROS generation peaked between 1 and 3 h
following the agonist exposure (data not shown) and gradu-
ally declined thereafter. Keeping in mind the multiple limita-

tions of ROS detection using fluorescent probes in live cells
(e.g. large experimental variability making the detection of
small signals very difficult, rapid decline of fluorescent signal
because of bleaching, etc.), it is not possible to exclude that
CB1 receptor activation-triggered ROS generation was directly
involved in the activation of MAPKs in endothelial cells based
only on these measurements, although no significant increase
in ROS could be detected by our method a few minutes
following AEA or HU210 treatment of HCAECs (MAPK acti-
vation was evident within 5 min). However, supporting some
role of ROS in CB1 activation, N-acetylcysteine pretreatment
of endothelial cells (which prevented the AEA- or HU210-
induced ROS generation) partially attenuated the CB1-
induced MAPK activation and cell death. In contrast, in
combination with CB1 antagonists, N-acetylcysteine almost
completely prevented these events. These results imply that
CB1 receptor activation may promote ROS-dependent and
-independent MAPK activation and cell death in HCAECs.
This is further supported by observation that administration
of p38 and JNK inhibitors together with N-acetylcysteine also
completely abolished AEA- or HU210-induced cell death (data
not shown). We also found that AEA or HU210 triggered
CB1-dependent ERK1/2 activation in HCAECs (data not
shown), but ERK1/2 activation did not appear to be involved
in endothelial cell death (data not shown).

The above-mentioned findings, coupled with a recent
report demonstrating that CB1 receptors promote oxidative
stress and cell death in murine models of doxorubicin-
induced cardiomyopathy and in human cardiomyocytes
(Mukhopadhyay et al., 2010a), suggest that CB1 receptor acti-

Figure 7 AEA triggers time-dependent activation of p38 and JNK–MAPKs in HCAECs. (A) Western blot analysis for p38 and JNK–MAPKs
demonstrates their time-dependent activation by AEA treatment. Activation is maximal by 30 min and declines towards control levels by
90 min. A representative blot is presented from four identical experiments. (B) The quantification of MAPK activation. *P < 0.05 versus vehicle
(n = 4/treatment).
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vation by endocannabinoids in cardiac and endothelial cells
may facilitate cardiovascular dysfunction by amplifying oxi-
dative stress, MAPK activation and cell death, and the subse-
quent inflammatory response. Consistent with this notion,
pharmacological inhibition of CB1 receptors was associated
with numerous cytoprotective and anti-inflammatory effects
in pre-clinical disease models of ischaemia–reperfusion injury
(Berger et al., 2004; Muthian et al., 2004; Sommer et al., 2006;
Caraceni et al., 2009; Lim et al., 2009; Zhang et al., 2009),
septic shock (Kadoi et al., 2005a,b; Kadoi and Goto, 2006;
Villanueva et al., 2009), cardiomyopathy (Mukhopadhyay
et al., 2007a; 2010a), kidney (Janiak et al., 2007; Mukho-
padhyay et al., 2010b) and liver (Teixeira-Clerc et al., 2006;
Gary-Bobo et al., 2007; Mallat and Lotersztajn, 2008) diseases,
and atherosclerosis (Dol-Gleizes et al., 2009; Sugamura et al.,
2009) just to mention a few. Chronic treatment of obese
Zucker rats with the CB1 antagonist/inverse agonist rimona-
bant (SR141716) (Pertwee, 2005) not only decreased body
weight gain, insulin resistance and sympathetic activity, and
increased adiponectin levels, but also reduced the increase
in blood pressure, and beneficially altered the balance of
COX-derived vasoactive products (Mingorance et al., 2009).

Remarkably, the CB1 antagonists SR141716A or AM251
improved vascular hyporeactivity associated with haemor-
rhagic shock in rats and prolonged survival (Hou et al., 2009),
and chronic CB1 receptor inhibition also decreased vascular
angiotensin II type-1 receptor expression, decreased oxidative
stress and improved endothelial function in a model of ath-
erosclerosis (Tiyerili et al., 2009). Importantly, rimonabant
also attenuated inflammatory markers (e.g. TNF-a, C-reactive
protein, etc.), plasma leptin and insulin levels, and increased
plasma adiponectin in obese patients with metabolic syn-
drome and/or type 2 diabetes (reviewed in Di Marzo, 2008;
Engeli, 2008; Mach et al., 2008; Pertwee, 2009). Moreover, a
recent study has also found visceral obesity to be associated
with increased perirenal endocannabinoid tone, which posi-
tively correlated with increased kidney microvascular
damage, suggesting a possible involvement of endocannab-

Figure 8 CB1 antagonists attenuate AEA- or HU210-induced activa-
tion of MAPKs. (A) Cells were incubated with the indicated agonists
alone for 40 min or first treatment with antagonist for an hour
followed by co-incubation with agonist for 40 min, and Western blot
analysis was performed to determine the MAPK activation. (B) The
quantification of MAPK activation. *P < 0.05 versus vehicle; # P < 0.05
versus AEA/HU210 alone.

Figure 9 MAPK inhibitors attenuate AEA- or HU210-induced activa-
tion of MAPKs. Cells were treated as indicated with agonist for 40 min
or first treated with MAPK inhibitors for 1 h, followed by incubation
with agonist for 40 min, and MAPK activation was determined by
Western blot analysis. (A) p38 MAPK activation. (B) JNK activation. *P
< 0.05 versus vehicle; # P < 0.05 versus AEA/HU210 alone.
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inoid excess and CB1 receptors in human visceral obesity and
its renal microvascular complications (Bordicchia et al.,
2009).

In contrast to the above described effects of CB1 agonists,
activation of CB2 receptors on endothelial and inflammatory
cells appears to attenuate vascular inflammation (Rajesh et al.,
2007) and atherosclerosis progression (Steffens et al., 2005), as
well as the interplay of activated endothelium with inflam-
matory cells, interrelated oxidative/nitrosative stress and con-
sequent cell death associated with ischaemia–reperfusion
injury (Batkai et al., 2007; Pacher and Hasko, 2008). Consis-
tent with the opposing regulatory roles of CB1 and CB2 recep-
tors, CB1 activation triggers increased ROS generation in
macrophages, which is attenuated by CB2 activation as
described earlier (Han et al., 2009). Other examples of oppos-
ing regulation of pathological processes by cannabinoid
receptors are the development of liver fibrosis (Julien et al.,
2005; Teixeira-Clerc et al., 2006) and cisplatin-induced neph-
ropathy (Mukhopadhyay et al., 2010b,c).

Collectively, CB1 receptor activation in endothelial cells
may amplify the ROS–MAPK activation–cell death pathway
in pathological conditions if the endocannabinoid synthetic

or metabolic pathways are dysregulated by excessive inflam-
mation and/or oxidative/nitrosative stress, thereby contrib-
uting to the development of endothelial dysfunction and
pathophysiology of multiple cardiovascular diseases. The
results reported in this study may further facilitate a better
understanding of the multiple beneficial effects of CB1

antagonism on cardiovascular dysfunction, observed both in
pre-clinical models of various cardiovascular disorders, as
well as in patients with obesity and cardiometabolic
syndrome.
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Figure 10 The AEA/HU210-induced activation of p38 and JNK–MAPKs involves ROS-dependent and -independent mechanisms in HCAECs.
Cells were treated as indicated with agonist for 40 min or first treated with CB1 inhibitors, NAC, or both for 1 h, followed by incubation with
agonist for 40 min. MAPK activation was then determined by Western blot analysis. (A) p38 and JNK–MAPK activation as per treatments
indicated. (B) Quantification of MAPK activation. The combination of CB1 antagonists with NAC almost completely prevents p38 and
JNK–MAPKs activation in HCAECs, while NAC alone is only partially effective in preventing MAPK activation. *P < 0.05 versus vehicle; #P < 0.05
versus AEA/HU210 alone; $P < 0.05 versus AEA/HU210 � CB1 antagonists; n = 4/treatment.
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